Ecological factors that control the establishment of cellulolytic bacteria and ciliate protozoa in the lamb rumen were studied in meroxenic animals. Axenic lambs received dilutions of rumen liquor from either conventional lambs and sheep (pool A) or meroxenic lambs (pool B).
INTRODUCTION
Microflora and fauna in the bovine and ovine rumen have been the focus of many studies over the past thirty years. The characteristics of the predominant bacterial species are now wellknown and have been summarized in several reviews (Hungate, 1966a; Hobson & Howard, 1969; Church, 1970; Bryant, 1977; Clarke, 1977; Prins, 1977) . Nonetheless, the in vivo roles of the different bacteria and ciliate protozoa are, as yet, far from clear owing to the great diversity of the microbial population and the complexity of the metabolic reactions involved. A study of the main bacteria and ciliates and of bacteria-protozoa interactions is thus likely to be simplified by using a less complex environment than that found in the rumen of a conventional animal, i.e. by using an animal whose rumen contains a simplified flora. Such use of gnotoxenic conditions has been widely developed in studies of host-microflora relationships in monogastrics and so should help solve some of the problems concerning microbial ecology in the rumen.
Studies involving axenic or gnotoxenic ruminants, though dating back to 191 5 , remain limited in scope. The main ones (Mann & ; Cheng & Wallace, 1979; Barr et al., 1980) reported the setting up in gnotoxenic lambs of different bacterial populations composed of rumen flora dominant in conventional animals and the verification in vivo of the activity of inoculated species. These studies showed the extreme difficulty of successfully establishing cellulolytic bacteria in the rumen of gnotoxenic animals. For instance, attempts to establish cellulolytic bacteria (Ruminococcus spp.) either failed (Mann & Stewart, 1974) , or resulted in very low levels compared to those in conventional animals (Lysons et al., 1976a) . Difficulties in establishing cellulolytic bacteria were also reported by Males (1 973) who failed to establish Bacteroides succinogenes in sheep raised in isolation from birth. There have been no attempts to establish protozoa, whether axenic or not, in gnotoxenic ruminants.
Given the importance of cellulose hydrolysis in the digestive physiology of the ruminant, a study of the ecological factors that allow the establishment of cellulolytic bacteria and protozoa in the rumen would appear to be an essential starting point for any subsequent studies on the role of particular species, interactions between bacteria, and bacteria-protozoa relationships. The approach chosen here was to use 'meroxenic' lambs, i.e. axenic lambs inoculated with a flora containing a limited number of microbial types. Such flora, though imperfectly understood, can be obtained by simplifying the flora of conventional animals. Our long term aim is to determine both quantitatively and qualitatively the minimal flora that must be present in the rumen to allow cellulolytic bacteria and ciliate protozoa to be established.
METHODS
Production and husbandry of axenic lambs. Axenic lambs were obtained either by Caesarean section or by natural birth followed immediately by isolation in a sterilized isolator and decontamination with antibiotics (Gouet et al., 1979) .
During the first two weeks, the lambs were reared in rigid, transparent sterile isolators (70 x 50 x 110 cm) to ensure that they remained axenic. Animals were then transferred to a flexible isolator (80 x 200 x 150 cm) where they were put into a metabolism pen (Riou et al., 1977) . Each isolator was linked to a sterile 'bank' isolator where the sampling and animal care materials were kept along with solid feed. Further equipment (feeders, drinking troughs, urine evacuators etc.) was added in addition to that previously described (Riou et al., 1977) , to maintain the animals for three to four months. Until the end of the second, third or fourth week depending on the group (Fig. 2) , UHT sterilized cow's milk was given ad libitum. This was followed by a mixed diet (milk + complete solid feed) which was given up to weeks 10 to 11 ; thereafter solid feed alone was given. Two feed formulae were used (I and 11). The composition of feed I was (%, wlw): barley, 15 ; oats, 4; peanut meal, 21.7; dried pulp, 20; molasses, 1 ; roughly chopped lucerne, 5 ; meadow hay, 30; glucose, 3.3; vitamin and mineral supplement. Feed I1 comprised good quality dehydrated lucerne. Both feeds were in pellet form (7 mm) and sterilized by y-irradiation (45 KJ kg-I).
Between the second and third week, each animal was fitted under sterile conditions, with a permanent plastisol rumen cannula.
Origins and composition of inocula. Two pools, A and B, of rumen contents were made (Fig. 1) . Pool A was a mixture of rumen contents from two conventional lambs and from four adult sheep. From this pool (which was distributed into tubes and kept at -80 "C in glycerined milk) three axenic lambs were inoculated with the dilution [lambs A(10-8) Inoculation with pools A and B. Lambs were inoculated each time with 1 ml of the selected dilution, either per 0s when the inoculation was given early on, or into the rumen, when inoculation followed cannula fitting. Pool A was inoculated between days 17 and 40, and pool B, between days 6 and 42. Times of each inoculation are given in Fig.  2 . Animals inoculated with the same dilution of the same material were kept in the same isolator, except for lamb A(10-8)1 which was reared alone.
Inoculation with Bacteroidessuccinogenes. After receiving either pool A or pool B, lambs A(10-8)1 to 3, A(10-7)l and 2, A(10d6)1 and B(10b8)1 were inoculated with B. succinogenes S85. This strain was grown in a liquid medium in which cellulose was supplied as a strip of filter paper (see below). Inocula were made with 10 ml of a 3 to 5 d broth culture in which filter paper had been degraded. Inoculation was carried out several times in lambs A(I 0-8)1 to 3 and B(10-8)1 (Fig. 2) . Lambs A(10-8)1 to 3 were first inoculated with B. succinogenes alone, then with sterile rumen fluid from a conventional sheep and lastly, in the case of lambs A(10-92, A(10-8)3, with sterile cellulose powder (pulverized Whatman filter paper).
Inoculation with protozoa. Lambs A(10-92, A(10-8)3, A(10-7)l and A(10-7)2 were inoculated with the ciliate protozoon Entodinium sp. and lambs A(10-6)1, B(10-6)1 and B(10-92 with Polyplastron multivesiculutum (Fig. 2) . The protozoa were either axenic or extensively decontaminated with antibiotics and free from the bacteria commonly found in the rumen (Bonhomme et al., 1982) . The bacteria which remained (lo2 to lo4 ml-l) in the protozoan cultures were essentially aerobic (bacilli, pseudomonads) or facultatively anaerobic (streptococci, enterobacteria). About one hundred protozoa were introduced into the rumen directly through the cannula at each inoculation. Sampling. Rumen contents were sampled through the cannula with a syringe before morning feeding, Samples were put into 30 ml flasks; the flasks were completely filled to reduce air volume, closed tightly and immediately taken out of the isolator, so that analysis could be carried out as promptly as possible.
Redox potential measurement. The redox potentials were determined for each sample, using the Schott pH meter (CG 817) with a 42a redox electrode.
Microbiological analysis. The total number of viable bacteria was determined for all the lambs, with the exception of lamb A( 10-8)1, in addition to total counts of cellulolytic bacteria, enterobacteria, streptococci, lactobacilli and total aerobic bacteria.
In lambs inoculated with pool A material, counts were made of groups capable of metabolizing certain carbohydrate substrates. For lambs A(10-8)l and 3, A(lO-')l and 2, and B(1OW6)1, bacterial counts were G . FONTY A N D OTHERS determined before and after protozoan establishment, to determine whether the latter had any effect on the preestablished microflora. The cellulolytic bacteria were also counted in pool A and in pool B after storage in glycerined milk and thawing, but no attempt was made to determine the total viable counts in these pools.
Bacteriological techniques and culture media. Except where indicated otherwise, techniques were based on those of Hungate (19663) and . Rumen contents were diluted with the mineral solution of Bryant & Burkey (1953) . Total viable counts of bacteria were determined using medium M 2 (Hobson, 1966) and medium CCA (Allison et al., 1979) . Counts of groups capable of metabolizing individual carbohydrates were performed with media based on the Incubated Rumen fluid Agar medium (IRA) of to which a single energy source was added: glucose, starch, cellobiose, maltose, xylose or pectin, all at 0.1 % (w/v) except for pectin at 0.5%. Cellulolytic bacteria were counted in the rumen fluid glucose cellobiose agar medium of Bryant & Burkey (1953) without agar, in which glucose and cellobiose were replaced by cellulose as a strip of filter paper (Whatman no. 1) (Mann, 1968) . Lactate-utilizing bacteria were counted in the medium of Giesecke (1968). The rumen fluid used in the M 2 medium and in the medium for cellulolytic bacteria was strained through a double layer of cheesecloth and centrifuged at 20000g for 20 min. Rumen fluid used for the CCA and IRA + carbohydrates media was strained, incubated for a week at 38 "C (Henning, 1979) and then centrifuged at 20000g for 20 min.
Three sets of roll tubes or liquid culture were made from each dilution series. In roll tubes, the viable count was taken as the average of the three roll-tube counts at the appropriate dilution. In the broth culture, the count of cellulolytic bacteria was taken as the most probable number.
Counts of aerobic and facultative anaerobic bacteria were made in Petri dishes in the following media: medium C for total counts (Raibaud et al., 1966) , desoxycholate agar medium (DCA) (Difco) for enterobacteria, KF streptococcus medium (KF ; Difco) for streptococci, Rogosa SL Agar medium (Difco) for lactobacilli.
Protozoan counts. In rumen content samples, protozoa were counted in a Dolfuss dish with a binocular magnifier after the sample had been diluted in the Hungate solution (Senaud et al., 1980) .
RESULTS

Redox potential
In axenic lambs, the &, of the rumen was already strongly negative (-100 to -120 mv).
After inoculation with the dilutions of pool A or of pool B, the E h decreased progressively in all animals. Nonetheless, there were wide variations between samples from the same animal. The amplitude of these variations was greater in lambs A(10-8)1 to 3 and B(10-8)1 (-200 to -500 mV) than in animals A(10-7)l and 2, A(10-6)1, B(lO-')l and B(10+)1 and 2 which contained more complex flora.
Bacterial counts prior to establishment of protozoa (Tables 1 to 3)
Total anaerobic bacterial counts were always two to three times greater in the CCA medium than in the M2 medium except in the cases of lambs A(10-8)2 and 3. Accordingly, figures from this medium were used to compare count differences between lambs.
In all lambs the total viable counts of anaerobic bacteria were high (between lo9 and 5 x lolog-l) and these counts were highest in lambs inoculated with the more complex flora [A(10-6)1, A(10-7)l and 2, B(10b7)l, and B(10-6)1 and 21. In contrast, the aerobic counts were highest in lambs inoculated with more limited microflora [A(10-8)2 and 3, B(10-8)1]. This was particularly apparent in lamb B(10-8)1 where the total viable count increased from 1.5 x lo9 to 2.7 x 1Olo g-l and the aerobic count decreased from 1.2 x lo9 to 4 x lo7 g-l after the inoculation of the 7.5 x dilution from pool B. The aerobic microflora was essentially composed of Escherichia coli and streptococci, except in lambs A( 1 0-8)2 and 3 where lactobacilli were present.
Counts on media containing individual carbohydrate substrates showed that the starch-, pectin-and glucose-utilizing populations accounted for the highest percentage compared to the total viable counts on CCA, and that lactate-utilizing bacteria made up only a small proportion of the flora. The percentage of organisms capable of metabolizing other substrates differed in different lambs (Tables 1 and 2 ). 33 (99) 13 (39) 14 (41) 20 ( 18 (90) 17 (85) 10 (50) 14 ( (52) 400 (86) 260 (56) 220 (47) 350 ( (81) 160 (76) 88 (42) 100 (47) 190 (90) 180 (88) 6 ( (66) 20 (9) 160 (76) 160 (76) 100 (47) 160 (77) 6 (3) A(10-6)1 NT, Not tested.
* P. multivesiculatum present in rumen.
Eflect of ciliate protozoa on pre-established microflora
In lamb A(10-7)l the total number of bacteria was four times lower after Entodinium sp. establishment (day 96), whilst this number remained constant in lamb A(lO-')2 (Table 2) . Nevertheless, in both lambs, protozoa establishment brought about a change in the counts obtained in media with a single energy source. These changes showed the same tendency in both lambs, except for the glucose-utilizing population. The percentage of starch-utilizing bacteria dropped markedly, and to a lesser extent so did xylose-and pectin-utilizing bacteria. In contrast, the percentage of cellobiose-and maltose-utilizing bacteria increased (Table 2) .
In lamb A(10-92, the introduction of Entodinium sp. had a much more limited effect; no great variations, either qualitative or quantitative, were observed in microflora on day 110. In lamb A(10-3)3, Entodinium sp. did not establish.
In lambs B(10+)1 and 2, the introduction of P . multivesiculatum brought about a drop in anaerobic and aerobic microflora. The total viable counts decreased threefold in lamb B( 10-6)1 and fivefold in lamb B(10-92 (Table 3) .
The aerobic and facultative anaerobic bacteria which were present in the cultures of protozoa inoculated in lamb rumens were not recovered in the rumen samples after protozoa establishment.
Establishment of cellulolytic bacteria
Pool A inoculated lambs. The number of cellulolytic bacteria present in pool A material was 6 x lo7 bacteria g-l, as estimated by the most probable number. The cellulolytic bacteria present in this pool did not become established in any of the lambs inoculated.
In lamb A(10-6)1, the cellulolytic population was high 6 d after inoculation with B. succinogenes. It reached a number comparable to that observed in conventional animals after 13 d, but then declined steadily. After day 109, the population increased again and regained its initial level (Fig. 3) .
In lambs A(10-7)l and 2, the cellulolytic population also increased following B. succinogenes inoculation. After 7 d this population reached about lo7 bacteria g-' in the two lambs (Fig. 4) .
In the three lambs A(10T8)1 to 3, B. succinogenes inoculated alone did not become established following several inoculations. However, in lamb A( lO-*)l, this strain did become established when inoculation was done in the presence of sterile rumen fluid (60 ml) from a conventional sheep. The population reached 5 x lo6 bacteria g-' 11 d after the last inoculation and then t t t t 8 t t i disappeared. Further experimentation on this lamb was not possible. In lamb A( 10-8)2, establishment of this strain occurred when inoculation was done not only with sterile rumen fluid, but also with sterile cellulose (pulverized Whatman filter paper). In lamb A(10-8)3, B. succinogenes was not established even though this lamb had been reared simultaneously and in the same isolator as lamb A(10-8)2 and inoculated in the same manner (Fig. 5) . Pool B inoculated lambs. The number of cellulolytic bacteria present in pool B was 5 x lo7 bacteria (g rumen content)-'. In lambs B(10+)1 and 2, B. succinogenes became directly established from pool B inocula. Its population oscillated between lo6 and lo8 bacteria g-l before P . multivesiculatum was introduced. Thereafter, the extent of variations between counts was even greater (Figs 6 and 7) .
In lamb B(lO-')l, which could only be reared up to the age of 52 d, B. succinogenes was also established directly from pool B inocula. In the two counts taken 4 and 6 d after the last dilution inoculation, the cellulolytic population reached 9 x lo6 and 6.5 x lo7 bacteria (g rumen content)-', respectively.
In lamb B(10-8)1, B. succinogenes did not become established from pool B inocula, and establishment from a pure culture of this same strain failed despite several inoculations (Fig. 8) . However, it did become established after the lamb had been inoculated with 7-5 x dilutions of pool B material and its population reached a high level (between lo7 and 2.5 x lo8 bacteria g-l). The change in feed (Fig. 2) on day 85 seems to have contributed to the stability of this population.
Kinetics of protozoan establishment Entodinium sp. In lambs A( 10-7)1 and 2, the population of this ciliate reached a maximum 16 d after inoculation and then reached about lo6 protozoa ml-l (Fig. 4) , i.e. a level comparable to that observed in conventionally reared lambs (Jouany 1978 . In lambs A( Entodinium sp. only became established in lamb A( 10-92, in which B. succinogenes was also established (Fig. 5) .
Polyplastron multivesiculatum.
In lamb A( 10+)1 the establishment did not succeed even though it was inoculated twice, on days 65 and 110. By contrast, its establishment was successful in the ,two lambs B(lO-(j)l and 2. The population reached a maximum three weeks after inoculation (lo5 protozoa ml-l) and fluctuated thereafter between lo3 and lo4 protozoa (ml rumen content)-'.
DISCUSSION
Results of total anaerobic bacterial counts showed that even though the number of bacteria in the rumen of meroxenic lambs was high (lo9 to 1O1O bacteria g-l) and comparable to that found in conventional animals, there was a relationship between the composition of the inoculum given to the lambs and the size of the bacterial population which developed in the rumen. In animals inoculated with the dilutions, the total viable count was higher than in animals that had received the dilution, in animals inoculated with pool A or pool B. This effect was particularly pronounced in lamb B(10-8)1 where the total viable count was 20 times greater after inoculations with the 7-5 x dilution. The ratio of facultative anaerobic microflora to strictly anaerobic flora was also a function of the inoculum that the lambs received. The more abundant and complex the flora in the rumen, the smaller the proportion of facultative anaerobic bacteria.
inocula because these bacteria were not present in such high dilutions. In contrast, the numerical factor cannot explain establishment of cellulolytic bacteria directly from the dilutions of pool B and failure of direct establishment from the same dilutions of pool A, as there were approximately equal numbers of cellulolytic bacteria in both pools. It is likely that the early inoculation of lambs in group B by the first week provided more favourable conditions for establishment of cellulolytic bacteria and probably advanced the anatomical development and the physiological functioning of the rumen; in axenic lambs the rumen wall is thin, the papillae are small (Lysons et al., 1976b) and the digestive tract is anatomically different from that of conventional lambs (Peyraud et al., 1981) .
Bacteroides succinogenes became established only in one of the lambs that had received inocula of dilutions of pool A or pool B, whereas this strain became established more readily in lambs inoculated with the more complex and more abundant microflora of dilutions. This suggests that establishment of cellulolytic bacteria requires a complex flora able to provide the necessary ecological conditions. These findings are in line with those obtained in gnotoxenic lambs by other authors. Mann & Stewart (1974) failed to achieve establishment of cellulolytic bacteria (Ruminococcus spp.) in the rumen of a hay-fed gnotoxenic lamb which had been inoculated with six other rumen bacteria. Also, in gnotoxenic lambs raised by Lysons et al. (1 976 a) , establishment of Ruminococcus sp. occurred in most animals, but its population remained very low. Similarly, in sheep reared in isolation B. succinogenes succeeded only in one animal and only for a very short time (Males, 1973) .
Difficulty in establishing cellulolytic bacteria in the rumen of animals with limited flora is probably linked to the very high and strict nutritional requirements of such organisms (Allison, 1965; Bryant, 1973; Dehority etal., 1967) . These conditions were probably not met in the rumen of lambs inoculated with dilutions of
The pH (between 6 and 7) and the redox potential in these animals seemed favourable to development of cellulolytic bacteria, but the ammonia and volatile fatty acid concentrations were very low (20 to 40 mg 1-1 and 10 to 30 mM, respectively) and branched volatile fatty acids were generally absent (unpublished data). The creation of the necessary conditions to establish cellulolytic bacteria probably depends on a number of very complex requirements. These are not necessarily provided by the dominant bacteria of the flora which are nonetheless generally thought to play the main role in the rumen.
An abundant and diversified flora is also required for establishment of Entodinium sp. ; this organism became established in only one lamb inoculated with a dilution of pool A [A(10-8)2], whereas both lambs that received the lo-' dilutions [A(10-7)l and 21 became colonized. Moreover, in the latter, establishment was much faster. Failure of P . multivesiculatum and Cellulolytic bacteria did not become established from the and and G . FONTY AND OTHERS to develop in lamb A(10-6)1, although this lamb had complex rumen microflora, could be due to the introduction of inocula that were too low, or to the drastic effect of antibiotics. Other causes, however, are possible; in young lambs it seems that there are periods in which protozoa disappear from the rumen (Petkov & Enev, 1979 ; J. P. Jouany & G . Fonty, unpublished observations). The effect of protozoa on the bacterial flora in the rumen of meroxenic lambs is in line with that reported elsewhere for conventional animals (Eadie & Hobson, 1962; Eadie & Mann, 1970; Kurihara et al., 1968) and is probably due to a predatory effect (Coleman, 1975) . Because of the low number of animals used and the limited number of bacterial counts in this study, it is difficult to draw firm conclusions. However, interestingly, in both lambs A(10-7)l and 2 the percentage of starch-utilizing bacteria was much lower after Entodinium sp. establishment, probably because the entodinium had ingested starch granules along with adherent bacteria (Kurihara et al., 1968) .
Clearly the establishment of cellulolytic bacteria and protozoa in the rumen depends on the presence of other micro-organisms, requires an abundant and diversified surrounding flora and is favoured by early animal inoculation.
